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A B S T R A C T
A method to characterise the quality of a fused silica surface using a 𝛽-source is presented. Two fused silica bars(5 × 10 × 400 mm3) were fabricated for the Cherenkov detector for proton Flux Measurement installed at vacuumchamber of the Super Proton Synchrotron at CERN. The resolution of such device is defined by the collectionefficiency of the Cherenkov light, which is produced by relativistic charged particles in the fused silica. Thus,the surface quality of the radiator should be as good as possible to avoid light losses. The method is based on thescanning of the radiator surface with a 90𝑆𝑟 radioactive source and measurements of the Cherenkov light rate,detected by a PMT attached to the quartz bars. The data have been compared with a Monte-Carlo simulation,providing an estimation of the radiator’s probability of the total internal reflection and inefficient area at theedges of the bars.
1. Introduction
Usually, to characterise the surface quality of fused silica, opticalinterferometers [1] or the method based on the scalar scattering the-ory [2,3] can be used. In this paper we propose a new method for surfaceand edge quality characterisation of fused silica with a 𝛽-source. Weconsider two dominant effects that influence the collection efficiency ofthe light produced in the radiator, namely the surface polishing quality,which defines the probability of the total internal reflection and thecutting edge effect, and the inefficient region of the bar at its edges (seeFig. 1).A Cherenkov detector for proton Flux Measurement (CpFM) [4–6]is an in-vacuum monitor of an extracted beam halo (10-104 protons perbunch) with a time resolution of about ∼ 10 ns operating in the highradiation environment of the Super Proton Synchrotron (SPS) with aneutron flux of up to 1012-1014 cm−2 year−1 and with an annual integrateddose tens of kGy. CpFM is conceived within UA9 experiment at CERN(see [7,8]). The quartz sensitive volume is used as Cherenkov radiationand as a light guide. This technique is also known as DIRC-Detectionof Internally Reflected Cherenkov light, which is described in detailhere [9–15].In this paper, we present a report on our investigation of these effectsand tests, which were performed in February 2017.
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2. Experimental setup
The scheme of the experimental setup is presented in Fig. 2. Itconsists of two fused silica bars that are mounted parallel to the holderon the flange (non-magnetic 316NL Stainless Steel). The requestedproducer specifications of the bars are:
• the material is HPFC 7980 standard grade;
• all surface flat to 0.01 mm;
• all edges bevelled with a diameter of 0.1–0.2 mm;
• surface quality < 1 nm;
• typical face to side squareness < 0.02 deg;
The two bars are optically independent and they are separated fromthe viewport by a 2 mm thick fused silica window and are 36 mmin diameter from the PMT (Hamamatsu R7378A), powered by a highvoltage supply (ISEG T2DP050205EPU 2 × 5 kV/2 mA). The PMT signalis read with USB WaveCatcher [16] electronics, which provides the rate,amplitude and charge information.A 36.76 MBq Sr–Y radioactive source is positioned along the barsby a 3D motorised translation stage, with a position accuracy less than100 μm. This assembly is similar to the setup installed in SPS [6]. Forthe given energy spectrum of the electrons, the probability to penetrate
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Fig. 1. Bar drawing showing the inefficient area (black arrows) in the edge of the barwhich appears during the manufacturing process.
5 mm fused silica is about 10−5; therefore, we can neglect the effect ofthe electrons crossing the two bars.All of the components, except for the readout electronics, wereplaced in a ‘‘black’’ box that was well shielded from the outside light.Fig. 3 shows the scheme of the Sr–Y source container geometry.Depending on the bar length, incoming angle of the electron anddue to the multiple scattering inside the material [17], the photons willbounce 10 − 104 times before exiting the bar. Therefore, the internalreflection coefficient must be close to one to have a good light collectionat the end of the bar. For our setup the average value is about 100reflections. The experiment investigated the dependency between thelight collection on the PMT, which is aligned to be able to collect thelight from both bars, and the impacting position of the electrons. Themeasurements were performed in steps, scanning each bar in horizontaland vertical directions separately (Fig. 4).During the horizontal scans, due to the mechanical limitation of oursetup, it was impossible to move the source up to the edge of the barcloser to the PMT, which is the origin of our reference system (Fig. 4,left). The ranges for the scan are therefore from 166 mm to 441 mm inthis reference system. The translation stage was moved over 270 pointswith a stop of 5 s at each point.The vertical scan was perform in the range from −20 mm to 20 mmwith respect to the middle of the bar. The translation stage was movedover 40 points with a stop of 20 s at each point.
3. Experimental results
The use of USB WaveCatcher electronics provided the possibility tomeasure the rate (number of counts per second) of the signals from the
Fig. 3. Scheme of the Sr–Y source container. The source itself is located inside a brasscylinder.
PMT, which are due to the Cherenkov light produced by a 𝛽 electron.Given the 36.76 MBq source activity distributed over the 4𝜋 solid angle,it is unlikely that the pile-up of the signals originated from two differentelectrons. The results of the measurements are illustrated in Fig. 5.Fig. 5(a) and 5(b) show a comparison of the rate between twobars for the vertical and horizontal scans respectively. In Fig. 5(c) thedata, relative to the rate for different distances between the source exitwindow and the surface of the bar, are reposted. To interpret the data,we fit them with the convolution function (𝐹𝑓𝑖𝑡) of a Gaussian and a boxfunction (Fig. 5(d)):
𝐹𝑓𝑖𝑡(𝑦) = (𝑓 ∗ 𝑔)(𝑦)
def
= ∫
∞
−∞
𝑓𝑎𝑏(𝜏)𝑔(𝑦 − 𝜏)𝑑𝜏 ⇒
20∑
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𝑓𝑎𝑏(𝜏)𝑔(𝑦 − 𝜏)𝛥𝜏 (1)
𝑓𝑎𝑏(𝑦) =
⎧⎪⎨⎪⎩
0 for 𝑦 < 𝑎.
1 for 𝑎 < 𝑦 < 𝑏.
0 for 𝑦 > 𝑏. (2)
𝑔(𝑦) = 𝐴𝑒−
(𝑦−𝜇)2
2𝜎2 (3)
where 𝑓𝑎𝑏 is the box function (𝑎 and 𝑏 are the left and the right edges ofthe bar respectively), 𝑔 is the Gaussian function with amplitude 𝐴, mean
Fig. 2. Experimental setup: fused silica radiators, Sr–Y source, PMT, translation stage, readout electronics.
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Fig. 4. Definition of the coordinate system. Horizontal and vertical scans configuration. Left: horizontal cross-section of the bar; right: vertical cross-section of the bar.
Fig. 5. Experimental results: Rate (Hz) as a function of the vertical and horizontal position of the source.
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Fig. 6. Optical properties of the fused silica and photocathode of the PMT used in the simulation.
value 𝜇 and standard deviation 𝜎. From the fit we derive the width ofthe radiator 𝛥𝑎𝑏 = 9.20 ± 0.82 mm and the sigma of the distribution ofthe particles exiting from the source 𝜎 = 1.04 ± 0.01 mm.
4. Simulation
From Figs. 5(a) and 5(b) one can see that there is a difference in therate between the two fused silica bars. Since the same PMT was used toreadout both bars, which are geometrically identical, we can concludethat the problem comes from the mechanical or optical properties of thebars, as follows: (1) different quality of the polishing of the sides of theradiator (‘‘polishing effect’’); and (2) different quality of the edges ofthe radiator, leading to a different extension of the ineffective area ornon-homogeneities along the bar (‘‘edge effect’’).To estimate the quality of the bar we decided to use a methodbased on Monte-Carlo simulation algorithms. Our goal is to reproducethe experimental data using the simulation in an iterative process.Geant4 [18] software was chosen as the framework for our modelling.The simulation is done in two main steps, as follows:
• Realistic modelling of the 𝛽-source and validation of the distribu-tion of the electrons using data from the vertical scan;
• Iterative simulations of the horizontal scan varying the parame-ters describing the quality of the bars and comparison with theexperimental results to assess the correct value of the parameters.
The physical processes which were implemented in the simulationcode are: particle transportation, standard EM physics, Cherenkov lightproduction, photon interaction with matter and the 90𝑆𝑟 radioactivedecay (see Section 4.1). Other features implemented in the code are:refractive index (Fig. 6(a)) and total internal reflection probability [17]behaviour of the fused silica for different photon energies, and alsoquantum efficiency of the PMT Bialkali photocathode, taking intoaccount dependence on the photon wavelength (Fig. 6(b)).
4.1. Sr–Y source
There are several possible ways to model the Sr–Y source, as follows:(1) electrons with constant energy (0.5 and 2.2 MeV of kinetic energy);(2) electrons with Sr–Y decay spectrum (using Geant4 General ParticleSource); and (3) real Sr–Y decay with secondary electron and neutrinos(using Geant4 Radioactive Decay Physics). We chose the last, morecomprehensive and precise method. Fig. 7 shows the 𝛽-spectrum of Sr–Ysource simulated with Geant4.Using the Geant4 radioactive decay physics, we simulated the realenergy spectrum of electrons with its angular distribution.To cross check the accuracy of our simulation of the 𝛽-source wesimulated the scan in the vertical direction. In Fig. 8(a), one can see
Fig. 7. The spectrum of the Sr–Y source simulated with Geant4.
a comparison of the normalised (with respect to the maximum value)rate distribution for experimental data and simulation. We fit the twodistributions with the same function described previously (Eqs. (1)–(3)),adding a Gaussian and a constant term to take into account the effectsdue to electronics noise and light penetrating into the ‘‘lack’’ box. Fromthis procedure, we get the two following main parameters: (1) 𝜎 =0.996 ± 0.001 mm and (2) 𝛥𝑎𝑏 = 9.3 ± 0.8 mm.Fig. 8(b) shows the value of 𝜎 (which corresponds to the standarddeviation of the distribution of the particles coming from the source) fordifferent distances between the surface of the bar and the exit window ofthe source assembly. The value of 𝜎 linearly increases with the distance,as expected. The red curve on Fig. 8(b) confirms that the fitted widthof the bar is constant for all distances. Using 𝜎, extrapolated on thedistance of 0 mm between the bar and the exit window of the source,we can estimate the dimension of the source exit window: FWHM =
2.355 × 𝜎(0 mm) ⇒ FWHM = 2.052 ± 0.037 mm, which is close enoughto the real value, 2.2 mm.This test provides an exhaustive validation of the source modellingwhich was a week spot of the proposed method.
4.2. Quality of the bars
To describe the quality of the bars, we defined two parameters:the probability of total internal reflection (P𝐼𝑅) and the fraction ofineffective area at the edges of the bars (F𝐼𝐴).We run the simulation by performing a scan on the values of theparameters in the following ranges: 95 < P𝐼𝑅 < 100, 0 < F𝐼𝐴 < 0.32 andwe compared simulations and experimental data using the following 𝜒2
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Fig. 8. Validation of the Sr–Y source simulation in the Geant4, measurements — data comparison. Extraction of the bar width and electron spot size from the fit.
Fig. 9. Experimental and simulation data comparison. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Boundary effects on the ends of the bars.
definition:
𝜒2 =
𝑁∑
𝑖=0
{
(𝑅𝑒𝑥𝑝. − 𝑅𝑠𝑖𝑚.)2
(𝛥𝑅𝑒𝑥𝑝.)2 + (𝛥𝑅𝑠𝑖𝑚.)2
}
𝑖
(4)
where 𝑁 is the number of measurements, which corresponds to thedifferent positions along the bar; and, 𝑅𝑒𝑥𝑝. and 𝑅𝑠𝑖𝑚. are the normalisedrate of the experimental and simulated events, respectively, with theirerrors 𝛥𝑅𝑒𝑥𝑝. and 𝛥𝑅𝑠𝑖𝑚.. Fig. 9 shows the 𝜒2 for both bars as a function
of the F𝐼𝐴 and the P𝐼𝑅. We found a global minimum for Bar1 at (F𝐼𝐴 =2.7 ± 0.7%, P𝐼𝑅 = 96.4 ± 0.1%) and for Bar2 at (F𝐼𝐴 = 0.0 ± 0.7%,P𝐼𝑅 = 95.9 ± 0.1%). These values correspond to the simulation resultsthat are shown in Fig. 9(c) and well-describe the data.The simulation of the results obtained in the horizontal scan whenthe source is positioned at the edge of the bars (from 400 to 410 mmin our reference system) is more difficult and should take into accountthe different position of the edge of the bars (Fig. 10(a)), as well as
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photons that are produced in one of the bars and collected by the other(Fig. 10(b)). To take into account these boundary conditions, the 𝜒2should be a function of the parameters of both bars simultaneously.Fig. 10(c) shows that our simulation describes the data remarkablywell, confirming a good understanding of the process described by thesimulation.
5. Conclusion
With the method described in this paper, we are able to charac-terise the surface quality of fused silica bars with a 𝛽-source using asimple experimental setup and a Geant4 Monte-Carlo simulation. Ourmodel takes into account the realistic electron distribution producedby the source and it well-describes the experimental data obtained byscanning the bars with the source and measuring the Cherenkov lightsignal output with a PMT. In our case, we were able to estimate twoparameters: the probability of total internal reflection (P𝐼𝑅) and thefraction of ineffective area at the edges of the bars (F𝐼𝐴) as follows: F𝐼𝐴= 2.7 ± 0.7%, P𝐼𝑅 = 96.4 ± 0.1% for Bar1 and F𝐼𝐴 = 0.0 ± 0.7%, P𝐼𝑅= 95.9 ± 0.1% for Bar2. The surface properties in reality are positiondependent but we have assumed their small variations and estimatedaveraged values.Our simulation includes the dependency between the coefficientof the total internal reflection and photon wavelength, which is re-ceived for the BaBar DIRC bars with a very good surface polishing(P𝐼𝑅 =∼99.92). We assume, that the behaviour of this function is similarin our case, however, this uncertainty will contribute to the systematicerror of our method.
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